Electron density and temperature measurement by continuum radiation emitted from weakly ionized atmospheric pressure plasmas Electron density (n e ) and temperature (T e ) in plasma physics are two fundamental parameters that characterize electron kinetics. Information on electrons is particularly valuable because most of the important plasma reactions involve electrons. Continuum radiation is commonly observed in various ionized gases, such as high temperature fusion plasmas, low temperature processing plasmas, shock heated gases, and stellar atmosphere. In general, the continuum radiation from the ionized gas originates from the free electrons that undergo Coulomb interactions with ions (free-free bremsstrahlung and free-bound recombination) and neutrals (free-free bremsstrahlung), and thus valuable information on the statistical state of free electrons can be retrieved from the measured continuum emission. Being different from fully ionized fusion plasmas or weakly ionized low pressure low temperature plasmas where the degree of ionization is reasonably high, the continuum radiation due to an electron and atom collision, i.e., neutral Bremsstrahlung radiation, becomes dominant in the plasma where the ratio between the electron density and the neutral density is lower than 10
À3
. By properly analyzing continuum emission from electron-neutral atom interaction, it is shown that the electron density and temperature can be experimentally determined for atmospheric pressure plasmas [1] [2] [3] [4] [5] where a degree of ionization is very low.
While previous studies reported the neutral Bremsstrahlung emission in the multiple lm wavelength infrared (IR) range and the visible to IR range, respectively, [6] [7] [8] [9] [10] [11] we investigated the continuum radiation in the ultra-violet (UV) and visible range (280-1000 nm) emitted from rf capacitive discharges produced at atmospheric pressure where the degree of ionization is typically less than 10
À6
. This paper reports that the experimentally measured continuum spectrum is in excellent agreement with the neutral Bremsstrahlung using the momentum transfer cross section for electron-atom collisions suggested by Popović et al. 12 in the 450-1000 nm range and that another continuum spectrum should be taken into account in the UV range (280-450 nm). We found that the dissociative continuum radiation by hydrogen molecules plays a crucial role in determining the density and temperature of free electrons in the presence of water impurities in the plasma environment.
In general, the continuum radiation from low pressure low temperature plasmas or high temperature fusion plasmas mostly originates from free-free (ff) bremsstrahlung and free-bound (fb) recombination interactions between electrons and ions. In weakly ionized plasmas where the degree of ionization is low, however, the continuum radiation emitted via interactions of free-free electron with neutral atom is significant and should be taken into account. The emissivities of the free-free and free-bound electron-ion ( f f ei and f b ei ), and free-free electron-atom ( ea ) interactions are expressed, respectively, as
in which C ei ¼
Here, h; E; c; n a ; n i ; k; k; n e ; T e ; m e are the emitted photon energy, the electron energy, the speed of light, the atom density, the ion density, the emitted photon wavelength, the Boltzmann constant, the electron density, the electron temperature, and the electron mass, respectively. The Maxwellian electron energy distribution is used for Author to whom correspondence should be addressed. Electronic mail: wchoe@kaist.ac.kr.
replaced by the corresponding Gaunt factors, account for deviation from the hydrogen-like structure due to the complex system of other gases based on the quantum effect method. 11, 13 The neutral bremsstrahlung cross section between an electron and an atom Q ea is given as
where a is the fine structure constant of the atom. By inserting Eq. (4) into Eq. (3) with Maxwellian electron energy distribution function f ðEÞ, we get
where
. We used the momentum transfer cross section for electron-atom collisions Q mom ea for Ar from Ref. 12 , which was obtained from the best fit of various experimental and theoretical data
A simple calculation of Eqs. (1), (2), (5) with kT e ¼ 1.5 eV, n e ffi n i , and wavelength dependent Biberman factors 11 indicates that ea )
ei when n e =n a < 10 À3 , which is the case for most of the atmospheric pressure plasmas since n e is much less than 10 16 cm
À3
. Figure 1 (a) depicts the experimental set up for the plasma produced at atmospheric pressure. The plasma source is a typical capacitively coupled plasma (CCP) source consisting of two water-cooled parallel electrodes 60 mm in diameter. A 13.56 MHz radio frequency (rf) power supply (RF10S, RFPP) was connected to the bottom electrode through an impedance matching network, and the upper electrode was grounded. In order to expand the operation range in alpha-mode, the bottom electrode was covered by an alumina plate with a thickness of 1 mm. The gap distance between the electrodes was fixed at 3 mm throughout the experiment. The discharge voltage and current were monitored by an electrical V-I probe (EI-100, Prosys). A 99.9% argon gas was provided at 2 slpm. As discussed below, an additional gas line was connected to the chamber for providing Ar gas mixed with H 2 (0.1% volume fraction). For observing the emission spectra in the UV and visible range, a fused silica window with a thickness of 5 mm and a UV-visible coated bi-convex lens with a 100 mm focal length were used. An optical fiber (F600-UVVIS-SR-2, StellarNet) connecting the plasma and the spectrometer had spectral range of 190-2200 nm. A MAYA2000 Pro (Oceanoptics) spectrometer having 0.88 nm spectral resolution and an Acton SpectraPro750 spectrometer were used, and we confirmed that the spectral resolution is not critical for measuring the continuum radiation and determining n e and T e . The absolute calibration of the whole optical path was performed using a radiometric calibration instrument consisting of a halogen lamp and a deuterium lamp (DH-2000-CAL, Oceanoptics).
In order to obtain electron information from the continuum radiation emitted from the plasma, the measured emissivity m (black curve) was compared with the theoretical emissivity ea at two different (n e ; T e ) sets (blue and red curves) as shown in Fig. 1(b) . It is shown that m in the k > 450 nm range is fitted very well by ea with the electronatom momentum transfer cross section given by Popović et al. [Eq. (6)]. On the other hand, an obvious difference between m and ea is presented below 450 nm, which results in inaccurate determination of n e and T e . Under different experimental conditions, it was repeatedly found that m > ea in k <450 nm, indicating the existence of a shortwavelength dominant radiation by a mechanism different from the neutral bremsstrahlung. In the presence of the hydrogen molecules produced by dissociation of water molecules, the dissociation continuum radiation of the hydrogen molecule can be particularly prominent in the 200-450 nm range. Although our plasma was produced inside an air-tight stainless steel chamber, the possible sources of the water molecules were the chamber wall and the water impurity in the supply Ar gas. The existence of the moisture in the plasma environment is confirmed by the large OH peak near 310 nm. In order to confirm our argument on the dissociation continuum of the hydrogen molecule being the radiation responsible for making such a significant difference in the UV spectrum, we performed a simple experiment by introducing a separate Ar gas mixed with H 2 (0.1% volume fraction) into the plasma. To vary the concentration of H 2 , the flow rates of the two gas feeding lines were independently controlled. The measured spectra are plotted in Fig. 2(a) with the H 2 concentration from 0 (Ar only) to 0.1% (Ar and H 2 mixed gas only). As clearly depicted in the inset of the figure, the higher concentration of H 2 produces the higher continuum emissivity at k < 450 nm while the emissivity in the large wavelength range decreased slightly, which supports our argument. As a separate experiment to verify the possible origin of H 2 as moisture, we provided an additional Ar gas that was passed through non-bubbling deionized water before it was introduced into the plasma, instead of the Ar and H 2 mixture gas. As shown in the measured spectra plotted in Fig. 2(b) , the continuum emissivity at k > 450 nm drops while its slope is maintained as more Ar gas mixed with water vapor is provided to the plasma. The drop of m indicates a decrease of n e at the same T e because ea / n e from Eq. (3), which is caused by the electronegative nature of oxygen in the plasma produced from the water vapor. On the other hand, the emissivity in the UV range remained high in the presence of the water vapor.
We now explain dissociative continuum radiation by hydrogen molecules in an Ar plasma. 
and direct electron impact excitation 
The corresponding emissivity is presented in terms of population density ðN a Þ v 0 of the excited a 3 R þ g and the spectral distribution of the spontaneous emission transition probability A 
where hc=k is the photon energy, v 0 is the vibrational quantum number, and ðN a Þ v 0 is the population density of the a 3 R þ g state. In the argon plasma, the excitation of the ground state hydrogen molecule to the a 3 R þ g state is mainly by Ar Penning excitation rather than direct electron impact. If the electron impact excitation is significant, the Fulcher-a band
Þ should have been observed at around 600 nm because of the relatively small energy difference
The significance of the Penning excitation by Ar metastables has also been demonstrated in previous work 15 where noticeable continuum emission was observed with H 2 added to the Ar discharge, but not in the Ne discharge. We also found from our fluid simulation that the Ar metastable density is an order of magnitude larger than the electron density. In addition, it is noted that the energy levels of Ar metastables 14, 16, 17 Furthermore, more energy must be supplied by other means such as kinetic energy for excitation from the ground state to
Along with the population density, ), yielding kT e ¼ 2.5 eV and n e ¼ 7.25 Â 10 11 cm
. With the developed diagnostics, the electron density and temperature were measured for rf power varied in 110-200 W. The emission spectra were obtained using a MAYA2000 Pro spectrometer with 8 ms integration time. Despite the contamination of the continuum by substantial Ar atomic lines at k > 700 nm and diatomic bands at around 300 nm, Fig. 4 (a) depicts clear continuum spectra that are sufficient for n e and T e measurement. It is shown that kT e ffi 2.5 eV for all the input rf power P rf . On the other hand, the emissivity increases with P rf , indicating the n e increase. As detailed in Fig. 4(b) , n e increases almost linearly with P rf , which is consistent with the measured discharge current density j d .
In summary, the continuum radiation in the UV and visible range emitted from the plasma is utilized for electron density and temperature measurement for atmosphere pressure plasma. For Ar capacitive rf discharges, we found that the continuum spectrum in the k > 450 nm range is fitted very well by the neutral bremsstrahlung formula with the electron-atom momentum transfer cross section given by Popović et al. On the other hand, a remarkable spectral discrepancy between the theoretical neutral bremsstrahlung and the measured emissivities was also found, particularly in the UV range. This discrepancy may bring about significantly inaccurate determination of electron parameters. By introducing an additional Ar gas mixed with H 2 or water vapor to the plasma, we confirmed that the radiative dissociation continuum emitted from H 2 molecules is responsible for the large difference in the UV spectrum. By considering both the dissociative continuum of the hydrogen molecule and the neutral bremsstrahlung, the argon plasma produced at P rf ¼ 110-200 W showed n e ¼ 0:7-1:1 ð ÞÂ 10 12 cm À3 and T e ' 2.5 eV with n e / P rf . This result suggests that the input power is dissipated mainly for ionization of Ar neutrals. This continuum emission-based diagnostics is simple compared to other active diagnostics and can be easily utilized for weakly ionized plasmas, especially for atmospheric pressure plasmas. The measured discharge current density demonstrates j d / n e / P rf .
